Peptide-conjugates with unsaturated carbon chains form attractive molecules that can contribute to both medicinal chemistry and advanced materials sciences. Here, a convenient Fmoc-based solid-phase peptide synthesis method for the preparation of bisarylethyne-conjugates is described. This method allows coupling of an iodo-aryl or aryl-acetylene to resin-bound aryl-acetylene or iodo-aryl containing peptides using catalytic amounts of (PPh 3 ) 2 PdCl 2 and CuI in the presence of DiPEA. The triple bond is reduced quantitatively when 10% silane, either TES or TIS, is present in the acidic cleavage cocktail; deuterated bisarylethylene-species were obtained using deuterated cleavage reagents. Importantly, reduction of the triple-bond is completely suppressed using TFA and phenol as scavengers, and bisarylethynepeptide conjugates were obtained.
Introduction
Molecules that can interact with both the biological and manmade world attract considerable attention. The peptide-part can interact with many biological processes, and possesses useful structural and functional properties that are applicable in advanced materials and medicinal chemistry. 1 Being able to conjugate these molecules to (bio)active (in)organic moieties in a reliable and convenient manner is of utmost importance, and significant progress has been made in this respect. For example, organometallic-peptide conjugates have shown very promising antibacterial properties, 2 and the organometallic moiety has contributed to the elucidation of the mode of action of such peptides. 3 Conjugation reactions between peptides and (in)organic fragments mostly rely not only on wellestablished amide-bond forming reactions, but also on carbon-nitrogen bond forming click reactions, 4 as well as carbon-carbon cross-coupling reactions, for example the Sonogashira reaction, 5 have been used extensively. 6 Interestingly, two recently developed silyl-based alkyne-modifying (SAM)linkers allow convenient preparation of peptides conjugated via their C-terminal carboxamide to compounds that contain an azido-group using the copper-catalysed alkyne-azide cycloaddition reaction. 7 Alternatively, an iodo-aryl moiety could be used in a C-C bond forming copper-free Sonogashira crosscoupling reaction. 8 Apart from C-terminally conjugated peptides, attachment of an (in)organic moiety to a side-chain functionality of a peptide offers more variability than a terminal conjugation. This is of particular importance since most peptide-protein interactions occur via the side-chains of the peptides, and not via one of the two termini. 1 For this, specific amino acid side chain functionalities can be addressed, as was shown by the chemoselective metalation of tyrosine residues with a Cp*Rh(III)fragment. 9 Therefore, having the ability to introduce foreign units on the side-chains of amino acid residues is of great value for various applications of peptides.
Here the Sonogashira cross-coupling reaction 5 between a peptide that contains an internally positioned iodo-aryl amino acid and an N-terminally positioned arylacetylene unit is applied. The generation of a bisarylethyne moiety may find useful applications in peptide-based materials and in redoxactive peptide-conjugates. 10 Oligoarylethyne conjugates have been prepared on the resin, 11 but their conjugates with peptides are less explored. 12 Sonogashira rigidified peptides, that contain an arylethyne unit, have already been studied with respect to their vancomycin-or nisin-mimicking properties, 13 and the rigid arylethyne moiety has been applied as a rigid spacer between the two bioactive ends of an ITAM-based ligand that binds to the Syk tandem SH2 domain. 14 However, solid-phase methods to obtain these constructs are limited, and a reliable procedure to obtain bisarylethyne-bridged peptides of which the bisarylethyne-forming reaction was performed on the resin was not available. In this paper, it is † Electronic supplementary information (ESI) available: General information, detailed experimental procedures, ESI-MS and HR-MS data, 1 shown how triple bond bridged peptides can be obtained. Furthermore, a mild procedure for the reduction of bisarylethynebridged peptides to bisarylethylene-bridged peptides during the cleavage step when a silane-scavenger is present in the cleavage mixture is presented.
Results and discussion
The study was initiated with a dipeptide test-compound. First, the conditions that would be most suitable for the installation of a bisarylethyne unit on a peptide were determined. In view of previous observations that arylacetylene groups hydrate under the acidic conditions that are required to simultaneously deprotect amino acid side chain functionalities and remove the peptide from the resin, 15 it was envisioned that the even more electron-rich bisarylethyne moiety could undergo a similar (unwanted) side-reaction. Once conditions that produce the desired bisarylethyne-bridge were uncovered, the study was extended to peptides (vide infra).
Thus, a resin-bound dipeptide (1) was prepared that contained a 4-iodophenylalanine residue using standard Fmoc-based peptide synthesis (Scheme 1). A Sonogashira cross-coupling reaction between peptide 1 and an arylacetylene moiety, i.e. phenylacetylene (2a) or 2-ethynylpyridine (2b), was performed using (PPh 3 ) 2 PdCl 2 and CuI in the presence of DiPEA. This provided resin-bound bisarylacetylene containing dipeptides 3a or 3b. Cleavage of this bisphenylethyne-containing product was initially performed using TFA-TIS-H 2 O (95/ 2.5/2.5, v/v/v), which is a standard cocktail used for the cleavage of peptides from a resin. 16 This provided a mixture of inseparable products that contained non-reduced and fully reduced triple-bonds. 17 Since the reduction could not be avoided when a silane was present, we attempted to drive the reduction of the triple bond to completion by adding more silane, and by using the more reactive TES. We reasoned that although the triple bond forms an attractive rigidifying feature with interesting opto-and electrochemical properties, having the ability to fully reduce the triple bond would not only result in the formation of valuable compounds for control experiments as it produces non-conductive peptides with a higher flexibility in the bridging section, it would also help us to gain insight into the source of reduction, and how to avoid it. Therefore, using TFA-TES-H 2 O (80/10/10, v/v/v) we obtained the fully reduced dipeptide 4 in acceptable yields after purification. Importantly, a partially reduced peptide was not observed using this method.
Since our main interest was in the triple-bond containing bisarylethyne dipeptide, i.e. 5a or 5b (vide infra), we wanted to obtain more insight into the reduction process, and how this could be avoided. For this, reagents of which the reactive groups were deuterated, i.e. d-TFA, d-TES, and D 2 O, were used (Scheme 2). In the presence of three deuterated reagents, reduction of the triple bond resulted in tetra-deuterated species 8, which was obtained in purified yields that were similar to the reduction with hydrogen containing reagents (as in 4). However, when a mixture of deuterated reagents was used, various levels of deuteration were detected, ranging from non-deuterated to tetra-deuterated species (Chart 1). By means of the intensity of the peaks in ESI-MS spectra of the formed species, we were able to determine the ratio of deuteration, which could then be correlated with the reagent of the cleavage mixture that was mostly involved in the reduction. For example, when normal TFA and H 2 O together with d-TES was used, di-and tri-deuterated species dominated the spectrum, with a total of 74%. However, when normal TES and d-TFA and D 2 O were used, mono-and di-deuterated species were mostly present, with a total of 79%. Considering that the ratio of TFA-TES-water was 80 : 10 : 10 (v/v/v), and the observation that peptide 6, which was exposed to only 10% deuterated species, was more deuterated than peptide 7, which was exposed to 90% deuterated species, it became clear that the main contributor to the reductive deuteration of the triple bond is the silane. However, the fact that a range of deuterated species is obtained indicates that several mechanisms occur during this reduction.
From the literature it is known that the triple bond of bisarylethyne moieties can be reduced using TES, but this usually requires the presence of a (late) transition metal(ion) as the catalyst. This reaction typically results in the formation of E-18 or Z-alkenes, 19 or various hydrosilated products; 20 only with a large excess of TES and in the presence of HCl and AlCl 3 a complete reduction was described. 21 Apparently, the reduction also proceeds smoothly with an excess of TFA and only 10% of the silane.
Having established that the silane is the major contributor to the reduction of the triple bond, we explored cleavage mixtures that would keep the bisarylethyne-unit intact. Using a mixture that contained only TFA and water, only a more polar species was observed by HPLC analysis, and ESI-MS analysis of that species indicated the formation of a hydrated species, supposedly an asymmetric ketone that was formed by hydration of the triple bond (data not shown). Fortunately, when phenol was used instead of silane and water, reduction of the triple bond was completely avoided, and the desired bisarylethyne unit remained intact (see also Scheme 1, compounds 5a and 5b). The desired bisarylethyne-containing dipeptide 5a was obtained in appropriate yields; a pyridinecontaining construct (5b) was also obtained using this cleavage mixture. This latter conjugate is particularly interesting as a coordination partner to a redox-active metal-complex with catalytic or medicinal properties.
After establishing the conditions by which bisarylethynepeptide conjugates could be obtained, the preparation of bisarylethyne-bridged peptides was pursued. For this, we prepared a resin-bound Gly-Tyr-Val-Ser tetrapeptide of which the N-terminus was derivatized with 4-ethynylbenzoic acid (9) (Scheme 3). To the terminal acetylene-moiety an aryl-iodide was coupled, either Fmoc-(4-iodophenylalanine) or Ac-(4-I)Phe-Ser-NH 2 (11), using the established Sonogashira cross-coupling conditions. The Fmoc-group of the attached Fmoc-(4-iodophe-nylalanine) was removed using piperidine before the resulting bisarylethyne-bridged constructs were cleaved from the resin using TFA-phenol, which also removed the tert-butyl protecting groups. Both purified constructs were obtained in acceptable yields, i.e. 25% and 22% for constructs 10 and 12, respectively. HPLC analysis of the crude mixture only revealed the presence of trace impurities, with 68% and 60% purity of peptides 10 and 12, respectively; the parent-peptide that would result from cleaved unreacted peptide 9 was not observed. Considering that these constructs were obtained in 13 or 12 steps, respectively, yields of approximately 90% per step are achieved.
Experimental
Typical procedure for the synthesis of bisarylethyne-containing peptides Peptides were prepared using standard Fmoc-based solidphase peptide synthesis procedures. The Sonogashira crosscoupling reaction was performed using dry peptide-containing resin, which contained either an iodo-aryl or arylacetylene derivatized peptide. The resin was placed in a dry Schlenk flask and DMF, DiPEA, and either the arylacetylene or iodo-aryl reaction partner were added. The reaction mixture was degassed using nitrogen (15 min) before (PPh 3 ) 2 PdCl 2 and CuI were added. The suspension was stirred overnight at room temperature. After this, the reaction mixture was filtered from the resin, and the resin was repeatedly washed with DCM, DMF, DCM, and Et 2 O. The peptide-conjugates were cleaved from the resin using TFA-phenol (9 : 1, v/w) for 60 min. The resulting cleaved and deprotected peptides were filtered from the resin, and precipitated in cold Et 2 O after the TFA-solution was concentrated. Crude bisarylethyne-peptide conjugates were purified by preparative HPLC, and the desired products were obtained by lyophilization of the collected fractions.
Conclusions
A reliable method for the synthesis of bisarylethyne-containing peptides is developed using standard Fmoc-based solid-phase peptide synthesis procedures, and a heterogeneous Sonogashira cross-coupling reaction between a resin-bound and a solution-based reaction partner. Coupling of arylacetylenes or iodo-aryl compounds to resin-bound iodo-aryl and arylacetylene derivatized peptides is shown. Cleavage of the bisarylethyne-containing peptide using TFA and phenol provides the desired triple-bond containing conjugate species, whereas the presence of TES or TIS results in the reduction of the triple bond to the ethylene-moiety. Using deuterated solvents, partially or fully deuterated bisarylethylene-units can be obtained. Due to the potentially interesting redox-and photochemical properties of these bisarylethyne units, we anticipate that more elaborate hybrid-molecules can find applications in both medicinal chemistry and advanced materials.
